script developed incorporates a function to connect directly a digital camera, or high 6 resolution webcam, from a laptop to obtain cover photographs and LAI analysis in 7 real time. The later is a novel feature which is not available on commercial LAI 8 analysis softwares for cover photography. This script is available for interested 9 researchers. 10 11
INTRODUCTION 1
Leaf area index (LAI) can be defined as the total one-sided area of leaf tissue per unit 2 ground surface area (Watson 1947) . LAI is an important parameter used to validate 3 plant architectural models (De Reffye et al. 1995) . Accurate estimates of LAI are also 4 important for functional structural plant models, whilst leaf area strongly influences 5 rates of evapotranspiration and photosynthesis of trees (Nemani et al. 1993; 6 Villalobos et al. 1995) . Consequently, estimation of this parameter is also important 7 for modelling forest growth and water use (Macfarlane et al. 2007b) , since it 8 determines the productivity and physical and biophysical interactions between land 9 surfaces and the atmosphere (Chen and Cihlar 1995) . Finally, accurate estimations of 10 LAI are critical to scale-up leaf-based physiological measurements to the whole tree 11 (Ewert 2004) , tree-based measurements (e.g. sap flow) to the stand scale (Whitley et 12 al. 2007; Zeppel et al. 2007; Zeppel et al. 2004) and to scale from regional to 13 continental processes of land surface-atmosphere exchange (Lu and Shuttleworth 14
2002; Ewert 2004). 15 16

Direct versus indirect LAI measurement 17
Direct measurements of LAI (allometry or litterfall) are difficult and time consuming 18 to perform on trees (Cutini et al. 1998) . Furthermore, these methods do not easily 19 allow a representative spatial and temporal resolution of LAI at the forest stand scale 20 (Chason et al. 1991) . Consequently, ground-based indirect methods have been 21 developed and are more commonly used to estimate LAI. Typically these are based on 22 measurements of radiation transmission through the canopy (Bréda 2003) , for 23 example the Licor-2000 (Plant canopy analyser; Li-COR, Lincoln, NE) (Arias et al. 24 2007; Bréda 2003; Cutini et al. 1998; Villalobos et al. 1995) . However, the cost of the 25 
Filtering clouds from images 17
A binary (black and white) image was required to simplify gap fraction analysis. 1 However, when trying to convert an RGB (red -green -blue) patchy cloud sky image 2 (Fig. 1a) to a binary image (Fig. 1b) without filtering it tends to include clouds as leaf 3 cover, leading to overestimations of LAI M . To overcome this, the image colour and 4 brightness components where analysed separately: Figures 2a (blue), 2b (green), 2c 5 (red), 2d (hue), 2e (saturation) and 2f (intensity). The best cloud filters where the blue 6 (Fig. 2a) and intensity ( Fig. 2f ) components, since they gave the best contrast between 7 foliage cover and sky plus clouds. 8 9
Selecting luminance threshold 10 11
The blue band (450 -495 nm) of each image was extracted as a histogram and 12 explored to identify a suitable threshold between foliage and sky (Fig. 3) . In this 13 procedure, the selection of a suitable luminance value threshold (T) from the blue 14 band histograms can be fully automated for numerous images (for clear or completely 15 overcast days) or manually generated for each image (for patchy cloud days). After 16 assigning a suitable T (cursor selection), the image is transformed into a binary image 17 for gap analysis. In the program, there is an option (Question g) to give the user a 18 number of attempts (1 -n) to select an accurate luminance threshold from the blue 19 image component. This is done by viewing the original RGB image and the binary 20 image side by side (Fig. 1 ) to see whether small gaps were missed or considered in 21 filtered binary image. This feature, which helps to avoid over-or under-estimates of 22 LAI M , is not readily available in Photoshop® 7.0 or commercial softwares, such as 23
WinSCANOPY. 24
Images gap analysis 25
The script developed performs gap analysis by automatically dividing each binary 1 image into a number of sub-images defined by the user (Question d). From each sub-2 image, the program counts the total of pixels corresponding to sky (S) and leaves (L). 3 A big gap is considered when the ratio S/L in each sub-image is larger that a user-4 specified value (Question e). When this occurs, the pixel count for S is added to the 5 big gap count for that particular full image. If the ratio observed is smaller than the 6 user-specified value for a specific sub-image, the pixel count contribution to the total 7 big gap count of that particular image is equal to zero. A sensitivity test was 8 performed using 10 random images per site and subdividing each image by 3x3 (n=9); 9 4x4 (n=16); 5x5 (n=25) and 6x6 (n=36). No significant differences were seen in the 10 LAI M obtained at different subdivisions (data not shown). Therefore, it was decided to 11 divide all images at 3x3 (n=9) subdivisions to optimise data analysis time. means that the canopy displays random dispersion; for Ω(0) > or < 1, the canopy is 21 defined as clumped. LAI e was not considered for the script development and results 22 presented in this paper; however it is available to be calculated in the last version of 1 the program and was used to validate MODIS LAI data. 2 3 After image analysis, the script stores all the calculated parameters (LAI M , f f , f c , Φ, 4 Ω(0) and LAI e ) in a .txt file, which can be readily read by Excel®. The same 5 equations [1 -6] were used to calculate LAI D using Adobe PhotoShop® 7.0 and the 6 methodology described in Macfarlane et al. (2007b) . 7 8 
MODIS LAI analysis 9
Following the capture of digital images and determination of LAI D for eight examples 10 of Eucalyptus woodlands in NSW and WA (Table 1) considering a variation of T of maximum δT = +20 and minimum δT = -30 (Fig. 7) . 7
Images taken on clear days conditions (n = 50) and on patchy cloudy day conditions 8 (n = 30) were selected for the sensitivity analysis. Patchy cloudy days were avoided 9 for data collection due to high variability in luminosity. Therefore, this explains the 10 lower number of images on patchy cloudy days. The statistical analysis was done 11 using MATLAB® 7.14 and the Curve Fitting Toolbox ™. 12
13
RESULTS AND DISCUSSION 14
LAI estimations using the script developed 15
The automated procedure to analyse digital images using the script resulted in a good all sites was 0.78. This makes clear that corrections using the clumping index (using 1 eq. 6) need to be introduced in the calculation of LAI M and LAI D to obtain LAI e . 2 According to Bréda (2003) , PAI rather than LAI terminology should be used for 3 techniques using digital photography, since woody area (trunks and branches) is 4 included in the analysis contributing to overestimations of LAI. However, the largest 5 woody contributions in LAI D (overestimations) are associated to images close to the 6 main stem of tall trees. In contrast, using this technique in woodlands where species 7 with lightly coloured trunks (e.g. Ghost gums (Eucalyptus papuana)) are mostly 8 present, could contribute to under-estimations of LAI D , since these stems can be 9 mistaken for sky in the script filtering method if the fully automated routine proposed 10 in this paper is used. Using the manual technique can remove this source of error. 11
However, alternatively, images can be taken a couple of metres away from such stems 12 to minimise woody inclusion and avoiding times of the day when trunks or branches 13 receive direct sunlight. Therefore, the image comparison tool available within the script (Fig. 1a and 1b) is 21 very useful to avoid errors in the LAI D calculation. Suitable T values are very similar 22 within images taken on clear or completely overcast days (Fig. 7a ). An individual 23 analysis of 2-5 images will be enough to obtain a common threshold for batch-24 analysis of images taken on these weather conditions. The other critical factors for 25 LAI D calculations are crown cover (f c ) and porosity (Φ), which are highly dependant 1 of the visual selection of large, between-crowns gaps. Using the script developed, 2 operator subjectivity can be avoided when selecting large gaps through calibration of 3 sub-image size and gap fraction ratio for different types of woodlands. This 4 calibration is readily available for the script from other studies using digital 5 photography compared to allometric measurements. Therefore, one of the most 6 important advantages of the methodology described here is that images can be 7 analysed using different gap and image analysis techniques. This is in contrast to most 8 commercial ground based LAI analysers (such as Licor2000) which only provide the 9 processed output and not the unprocessed data. 10 11 A useful feature of the script that was also developed was to acquire images using a 12 high resolution web-cam attached to a laptop for in-field real-time digital image 13 acquisition and application of the analysis as described in this paper. This feature is 14 not available on commercial softwares to analyse cover photography (Adobe 15 Photoshop 7.0 and WinSCANOPY). The script developed in this study is available to 16 interested researchers with access to MATLAB©, the Image Analysis Toolbox® and 17 Image Acquisition Toolbox®. An .exe version of the software will be available in the 18 future as a Graphic User Interface (GUI) after compiling the script to run the program 19 independently of MATLAB® in any personal computer. 20
21
LAI estimations using MODIS LAI 22
The regression MODIS LAI = 0.9591 LAI D -0.2371 (R 2 = 0.89) describes the 23 relationship between LAI D and MODIS LAI for the eight sites examined (Fig. 4, (Fig. 4, open triangles) . In this case, a 7 total mean understorey contribution of 17% was observed, which did not significantly 8 change from uncorrected LAI D measurements. Another source of discrepancy 9 between LAI D and MODIS LAI is the accuracy of collection 4 used in this study. Seasonal differences in LAI can be clearly seen using MODIS data and a GIS 1 program (IDRISI®; Clark Labs.) for summer ( Fig. 6a; 17 th of January 2006) and 2 spring ( Fig. 6b; 30 th of September 2006). A higher MODIS LAI is shown in January 3 for woodland locations around NSW close to Sydney (MODIS LAI = up to 4.5) (Fig.  4   6a) . A lower value for MODIS LAI (up to 2.5) was reached in spring for most of the 5 woodland area seen in the figure (Fig. 6b) . 6 7 Sensitivity analysis of LAI M to T 8 A sensitivity analysis on LAI M to T was performed to assess the error associated to 9 mis-detection of a suitable T min for global LAI M analysis. Fig. 7 shows the blue layer 10 histograms corresponding to 50 images obtained in clear day conditions (Fig. 7a) and 11 30 images in cloudy day conditions (Fig. 7b) . Frequency distribution of the blue layer 12 luminance was more uniform for clear days rather than cloudy days. Therefore, it is 13 easier to select a suitable common T (Tmin = 130; Fig. 7a ) for clear days for complete 14 automation of image analysis using the script developed. On the contrary, selecting a 15 common T for cloudy days could lead to an over or underestimation of LAI M for 16 individual images (Tmin = 100) and the selection is more difficult from the histogram 17 showed in Fig. 7b . The semi-automatic method is recommended for images taken 18 under patchy cloudy day conditions (see 2.3.1 and 2.3.2). Fig. 8 and Table 2 show the 19 results of the sensitivity test for clear and patchy cloudy day conditions. The 20 sensitivity of LAI M to T increases with the magnitude of error of selection of T (δT) 21 for both clear and patchy cloudy day images. Dispersion of data points is lower for 22 clear days (Fig. 8a ) compared to patchy cloudy days (Fig. 7b) . In the later case the 23 magnitude of error in selecting a suitable common T is considerable higher compared 24 to clear days as can be seen by comparing the correlation coefficients (r 2 ), root mean 25 square error (RMSE) and the standard error of estimates (SEE) ( Table 2) conditions. These results show that images including patchy clouds (Fig. 1) require 11 the semi automated procedure for more accurate LAI M estimations on individual 12 images. On the contrary, for clear days or completely overcast days, a common 13 selection of T from the blue layer histograms (Fig. 7a) We conclude that digital image acquisition, coupled with MATLAB® image data 1 analysis, provides a rapid, robust, cheap and simple method for determining the LAI 2 of tree canopies. Furthermore, we conclude that for evergreen woodland, where 3 seasonal understorey growth is limited due to seasonal or stochastic drought, the 4 MODIS LAI product provides a useful surrogate for LAI D . However, as the 5 contribution of the understorey to total site LAI increases, this is increasingly untrue. 6
Renewed efforts to improve estimates of understorey LAI, together with the results 7 from the script developed, will improve the quality of input of LAI into functional 8 structural plant models and validation for retrieved MODIS LAI (collection 5). Tmin 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44 
